Background: Nematode sperm have unique and highly diverged morphology and molecular 19 biology. In particular, nematode sperm contain subcellular vesicles known as membranous 20 organelles that are necessary for male fertility, yet play a still unknown role in overall sperm 21 function. Here we take a novel proteomic approach to characterize the functional protein 22 complement of membranous organelles in two Caenorhabditis species: C. elegans and C. 23 remanei.
7
Proteomic analysis identified NSPD and F34D6 proteins as being highly abundant and localized 138 their expression to the membranous organelle. Yet no information exists about the molecular or 139 biological function of these genes. To better understand the nature of these gene families, we 140 analyzed their evolutionary history across the Elegans supergroup within Caenorhabditis. We 141 made custom annotations of these gene families in 11 species using the annotated C. elegans 142 genes (ten NSPD and F34D6.7, F34D6.8, and F34D6.9) as the query dataset. Our sampling 143 included the three lineage transitions to self-fertilizing hermaphroditism and the single lineage 144 transition to sperm gigantism found within this clade. 8 species-specific evolution at the gene family level. To assess variation in evolutionary rate 164 across the gene family, we estimated a single, alignment-wide ratio of non-synonymous to 165 synonymous substitutions (w) using reduced sequence alignments. Specifically, we removed 166 the species-specific amino acid repeats in the middle of the gene, which were highly sensitive to 167 alignment parameters. The w-values varied widely from 0.07 to 0.37 with the more recently 168 derived clades having higher values (Fig. 5) , although none indicate a strong signal of positive 169 selection.
170
The F34D6.7, F34D6.8, and F34D6.9 genes in C. elegans, as uniquely identified within 171 the membranous organelle fraction of the sperm proteome, are organized as an array and have 9 and sequence identity is high between duplicates. Additionally, the C. elegans NSPF gene 189 family has translocated to Chromosome II while the other species show conserved synteny to 190 Chromosome IV ( Fig. 6 ). Using syntenic relationships coupled with gene orientation and 191 phylogenetic clustering, we were able to assign gene orthology within the family (Additional File 192 5). Within these orthologous groups, species relationships were largely recapitulated with w-193 values of 0.53 and 0.26 for the nspf-1 and nspf-3 orthologs, respectively. However, when the C.
194
elegans lineage was excluded, the w-values sharply decreased to 0.15 for the nspf-1 and 0.17 195 for the nspf-3 orthologs, indicating a pattern of sequence constraint (Fig. 6 ). We explicitly tested 196 if the C. elegans lineage was evolving at a different rate than the other lineages. Indeed, the 197 nspf-1 (w = 1.1, C.I. of w = 0.78 -1.5, -2Dln = 5.11) and to a lesser extent the nspf-3 (w = 0.57,
198
C.I. of w = 0.34 -0.87, -2Dln = 2.34) C. elegans lineages showed some evidence of positive 199 selection, although the differences in the likelihoods of the two models were not statistical 200 significant.
201

Functional analysis of the NSPF gene family
202
Given the high abundance of the NSPF protein, the conserved nature of these genes, and their 203 potential as signaling peptides, we hypothesized these genes could be important for male 204 fertility either during spermatogenesis or in sperm competition. Using CRISPR, we knocked out 205 the three NSPF genes in the C. elegans standard laboratory strain (N2) to directly test the 206 function of this gene family. We quantified male reproductive success, by allowing single males 207 to mate with an excess of females over a 24 hour period. Very little difference in progeny 208 production was observed between knockout and wildtype males (t = -0.81, df = 26.0, p = 0.42; 209 Fig. 7A ). Given the size of our experiment and the large sampling variance in individual 210 fecundity, we would have been able to detect a difference between backgrounds of 24% with 10 these genes had no effect on male fertility (Fig. 7B ). In fact, knockout males were no worse 214 competitors than wildtype males (z = -0.12, p = 0.90) and produced roughly 50% of the progeny 215 measured (proportions test: c 2 = 1.27, df = 1, p = 0.26, C.I. of progeny produced = 27.4 -216 55.9%). Overall, then, despite is prevalence within the sperm membranous organelle, the NSPF 217 gene family does not appear to play an important role in male fertilization success.
218
Discussion
219
We used a proteomic approach coupled with molecular evolution analyses and direct functional 220 assays to characterize the composition and role of membranous organelles in nematode sperm.
221
Our approach capitalized upon the natural sperm activation process to accurately isolate 230 potentially more uncharacterized copies as seen here, and as of yet we do not know if some of 231 them might be subfunctionally located within different parts of the sperm [17] . We also found 232 that sperm proteome composition was largely conserved between C. elegans and C. remanei, 233 particularly within the activated sperm itself. This is the first investigation of the proteome of a 234 gonochoristic nematode. Although similarity is the rule, we did identify several C. remanei Two gene families identified in the membranous organelles are particularly notable. First, 238 the NSPD gene family was unique to the membranous organelle. This previously 239 uncharacterized gene family shows high sequence similarity between paralogs and low levels of 240 divergence between species. The high degree of similarity between paralogs is particularly 241 interesting as these genes are not organized as a single cluster and therefore sequence 242 similarity is likely not maintained through non-homologous DNA repair (i.e., gene conversion) 243 12 this family may play a role in female post-mating physiological response or male re-mating 264 behavior and not on male fertility per se.
265
While these data represent a foundation for membranous organelle molecular biology, 
269
The presence of MSP within the organelles supports this hypothesis. Future studies that track 270 where membranous organelle proteins are found after activation-in the male vas deferens, at 13 mechanism of genetic evolution than sequence divergence per se. Such a pattern could 289 potentially be due to the conserved and unique sperm biology in nematodes, especially the 290 biochemistry of locomotion. These results further support the need for taking a holistic approach 291 when understanding the evolutionary history of genes.
292
Methods
293
Sperm collection
294 Worm culture and strains 295 Sperm were collected from Caenorhabditis elegans (standard laboratory strain N2 and strain 296 JK574: fog-2(q71) V on the N2 background) and C. remanei (strain EM464). The fog-2 mutation 297 blocks C. elegans hermaphrodite self-sperm production, resulting in a functionally male-female 298 population, thereby increasing the ease with which males could be collected. All strains were 299 raised on NGM-agar plates seeded with OP50 Escherichia coli bacteria and raised at 20ºC [28] .
300
Synchronized cultures of larval stage 1 animals were produced through hypochlorite treatment 301 [29] . Males sourced for microfluidic dissection were isolated from females starting as young 302 adults (44 hours post-larval stage 1) for 24 hours to build up their stored spermatid supply.
303
Males sourced for testis crushing were maintained on mixed sex plates at population densities 304 of approximately 1,000 animals until the second day of adulthood (62 hours post-larval stage 1). 
